Positive end-expiratory pressure (PEEP) is used to improve gas exchange, increase functional residual capacity, recruit air spaces, and decrease pulmonary shunt in patients suffering from respiratory failure. The effect of PEEP on extravascular lung water (EVLW), however, is still not fully understood. This study was designed as a prospective laboratory experiment to evaluate the effects of PEEP on EVLW and pulmonary lymph flow (Q L ) under physiologic conditions.
suMMAry Positive end-expiratory pressure (PEEP) is used to improve gas exchange, increase functional residual capacity, recruit air spaces, and decrease pulmonary shunt in patients suffering from respiratory failure. The effect of PEEP on extravascular lung water (EVLW), however, is still not fully understood. This study was designed as a prospective laboratory experiment to evaluate the effects of PEEP on EVLW and pulmonary lymph flow (Q L ) under physiologic conditions.
Twelve adult sheep were operatively prepared to measure haemodynamics of the systemic and pulmonary circulation, and to assess EVLW. In addition, the lung lymphatic duct was cannulated and a tracheostomy performed. The animals were then mechanically ventilated in the awake-state without end-expiratory pressure (PEEP 0). After a two-hour baseline period, PEEP was increased to 10 cmH 2 O for the duration of two hours, and then reduced back to 0 cmH 2 O. Cardiopulmonary variables, Q L , and arterial blood gases were recorded intermittently; EVLW was determined two hours after each change in PEEP.
The increase in PEEP resulted in a decrease in Q L (7±1 vs 5±1 ml/h) and an increase in EVLW (498±40 vs 630±58 ml; P<0.05 each) without affecting cardiac output. As PEEP was decreased back to baseline, Q L increased significantly (5±1 vs 10±2 ml/h), whereas EVLW returned back to baseline.
This study suggests that institution of PEEP produces a reversible increase in EVLW that is linked to a decrease in Q L .
key Words: cardiac output, extravascular lung water, lymph flow, positive end-expiratory pressure, sheep extravascular lung water (EVLW) has been reported to play a crucial role in the development of alveolar atelectasis 5 , the effect of PEEP on EVLW remains controversial. Whereas Miller et al 6 demonstrated that PEEP improves oxygenation by reducing pulmonary oedema, recent studies suggested that PEEP a) has no effect on EVLW in large animals with pulmonary oedema, and b) does neither reduce EVLW nor prevent its accumulation in injured lungs 7 . Colmenero-ruiz and colleagues have even demonstrated that PEEP ventilation with low tidal volumes contributes to a decrease in EVLW in swine suffering from pulmonary oedema 8 . Although several studies investigated the effects of PEEP on pulmonary oedema secondary to oleic acid 9 or alloxan 10 , the impact of PEEP on the normal lung has not been well studied.
We hypothesized that mechanical ventilation with PEEP impairs lung Q L , which in turn may contribute because positive end-expiratory pressure (PEEP) increases functional residual capacity, decreases pulmonary shunt and recruits air spaces, it is clinically applied to improve gas exchange in patients suffering from respiratory failure [1] [2] [3] [4] . Although increased to an increase in EVLW. This study was, therefore, conducted as a prospective laboratory experiment to determine the effects of PEEP on EVLW and pulmonary Q L in awake healthy sheep.
MATErIALs AnD METhODs
The Institutional Animal Care and use Committee of the university of Texas Medical branch (uTMb) approved this study. The guidelines of the national Institutes of health (nIh) for the care and use of experimental animals were carefully followed. Animals were individually housed in metabolic cages and were studied in the awake state. The Investigational Intensive Care unit at uTMb is an Association for Assessment and Accreditation of Laboratory Animal Care International approved facility (AAALAC).
Twelve adult female sheep, weighing 44.0±1.0 kg (mean±sEM), were operatively prepared for this study as previously described [11] [12] [13] . briefly, under halothane (2-3 Vol%, end tidal) and ketamine (10 mg/kg) anaesthesia, a tracheostomy was performed in all sheep. In addition to the standard instrumentation, a 5-F thermistor-tipped catheter (Lung water catheter, model 96b-020-5-F, Edwards Critical Care Division, Irvine, CA) was placed into the common carotid artery. A 7-F thermistor-tipped, flow directed pulmonary artery catheter (swan-Ganz™ thermal dilution catheter, model 93A-131-7-F, Edwards Critical Care Division, Irvine, CA) was placed into the pulmonary artery via the external jugular vein. The right femoral artery was cannulated, and a polyvinylchloride catheter (16-G, 24 inch, Parke-Davis, sandy, uT) positioned in the abdominal part of the descending aorta. In addition, a right-sided thoracotomy was performed at the level of the fifth intercostal space to cannulate an efferent lymphatic vessel from the caudal mediastinal lymph node (silastic medical grade tubing, inner diameter=0.025 inch, outer diameter= 0.047 inch, Dow Corning, Midland, MI) according to the technique originally described by staub et al 14 .
The systemic contributions to the node were removed by ligation of the tail of the caudal mediastinal lymph node and cauterization of the systemic diaphragmatic lymph vessels 15 . Through the left fifth intercostal space, a catheter (Durastic silicone Tubing DT08, inner diameter=0.062 inch, outer diameter=0.125 inch, Allied biomedical, Paso robles, CA) was positioned in the left atrium. All catheters were tunnelled under the skin and brought to the exterior. The catheters were filled with heparin (1,000 units/ml) and sealed. The sheep were then given one week to recover from the surgical procedure; during this time, the animals had free access to food and water.
Two days before the experiment was begun, the sheep were taken to the study area and connected to recording apparatus. All pressures were determined with disposable pressure transducers (baxter-Edwards Critical Care, Irvine, CA) and recorded on a haemodynamic monitor with graphic and digital displays for electronically calculated mean pressures (model 7830A, hewlett Packard, santa Clara, CA). Cardiac output (CO) was estimated using the thermal dilution technique and displayed on a cardiac output computer (Model 9520A, Edwards Critical Care Division, Irvine, CA). Ten ml of 5% dextrose solution at 1 °C served as the thermal indicator 16 . Pressures were measured while the sheep were awake, standing and unrestrained. Zero calibrations were taken at the olecranon joint of the front leg. EVLW was measured using the thermal-green double indicator technique and displayed on a lung water computer (Edwards Critical Care Division, Irvine, CA) 9, 17 . In brief, 10 ml of 5% dextrose in water with indocyanine green dye was used as the double indicator. Three measurements were averaged to obtain the CO and EVLW measurements. Arterial blood gases were measured on freshly drawn heparinized blood using a conventional blood gas analyser (synthesis 15, Instrumentation Laboratories, Lexington, MA), corrected for core body temperature. Q L was determined with graduated test tubes.
Initially, all animals were mechanically ventilated with an FiO 2 of 0.21 in a pressure controlled mode (servo-Ventilator 900C, siemens, Elena, sweden) without applying PEEP. We used a tidal volume of 15 ml/kg and a respiratory rate of 30/min. Ventilator settings were periodically adjusted to maintain the arterial PCO 2 5 mmhg below the value obtained during spontaneous ventilation. This approach allows invasive ventilation in sheep without using anaesthesia. The ventilator settings were chosen with relatively high tidal volumes, since the lung compliance in sheep is higher than in humans. This is in accordance with the recommendations of Murakami et al 18 , who recently described a sheep model of acute lung injury and sepsis. The authors reported that the use of these ventilation patterns did not cause any histological changes in sham animals (tracheostomy, no injury). In addition, our group 19 has recently shown that the P a O 2 /FiO 2 ratio and pulmonary shunt fraction (Qs/Qt) remains unchanged with this ventilation strategy.
Animals were studied for a two-hour baseline period (bL) to secure stable haemodynamics and Q L values. PEEP was then increased to 10 cm h 2 O for a two-hour period (PEEP 10) and then reduced back to 0 cm h 2 O for an additional two hour period (PEEP 0). recruitment manoeuvres were not applied, since this may have impacted on PEEP. Lymph samples were collected at 15-minute intervals. Mean pulmonary arterial pressure (MPAP), mean arterial pressure (MAP), and left atrial pressure (LAP), as well as heart rate (hr) were monitored continuously. blood pressures, blood gases, CO and Q L were recorded every 15 minutes. EVLW was determined at the end of each study period.
For statistical analysis, a one-way analysis of variance with student-newman-keuls post hoc comparisons was used. A P value less than 0.05 was accepted as significant. Data are presented as mean±standard error of mean (sEM).
rEsuLTs
Compared with bL, institution of PEEP resulted in a significant decrease in Q L (Figure 1 ). This decrease reached its maximum immediately after PEEP had been applied. As PEEP was decreased back to 0, we observed a significant increase in Q L . 
DIsCussIOn
In the present study, the effects of PEEP on Q L and EVLW were investigated. The major finding was that mechanical ventilation with a PEEP of 10 cm h 2 O resulted in a decrease in Q L that was accompanied by a significant increase in EVLW.
Most likely, the increase in EVLW was triggered by augmented intra-alveolar pressure, subsequently resulting in obstruction of pulmonary lymph vessels. This assumption is supported by the fact that Q L decreased significantly when PEEP was increased to 10 cm h 2 O. Thus, PEEP imbalances Q L and diminishes the pulmonary lymphatic drainage of oedema fluid 20 . This is mainly due to an increase in intrathoracic pressure secondary to mechanical obstruction of the pulmonary lymphatic drainage 21 . In addition, augmented outflow of accumulated lymph may have accounted for the increase in Q L , which was observed when PEEP had been reduced back to 0 cm h 2 O. In the present study, we used a PEEP of The increase in PEEP resulted in a marked increase in EVLW, which returned close to baseline when PEEP was removed (Figure 2 ).
In the present study, ventilation with a PEEP of 10 cm h 2 O did not impact on CO. however, when PEEP was increased to 10 cm h 2 O, MAP increased by 5±1 mmhg, MPAP by 9±1 mmhg, LAP by 4± 0.5 mmhg and P a CO 2 by 3±0.5 mmhg. These values returned back to baseline after PEEP had been removed.
10 cm h 2 O, because Enderson and colleagues reported that up to a PEEP of 10 cm h 2 O, the doubleindicator dilution technique (used for the measurements of EVLW) correlates well with the results from gravimetric methods 17 .
under pathologic conditions, such as acute respiratory distress syndrome (ArDs), PEEP usually improves tissue oxygenation and may recruit terminal airspaces in the involved regions, but may also distend non-involved regions, thus increasing EVLW 22 . Previously, Martin et al 23 have also reported that patients with severe sepsis but without ArDs had increased EVLW, possibly representing sub-clinical lung injury. In the latter study, however, lower levels of EVLW were associated with a better survival. Fernandez et al 24 reported an increase of Q L through the thoracic duct after application of 10 cm h 2 O PEEP in hydrostatic pulmonary oedema. Further more, slama et al 25 demonstrated that the pulmonary blood flow redistribution between injured and noninjured lung depends on the type of injury. Walther et al 26 demonstrated that PEEP redistributes pulmonary perfusion to dependent lung regions in supine, but not in prone anaesthetized and mechanically ventilated sheep. since we studied our sheep in the awakestate and standing position, we feel that the results of the latter studies are difficult to compare with the here presented experiment.
Whereas slutsky et al 27 reported a decrease in CO as result of PEEP, yamada et al 28 demonstrated that PEEP is associated with a decrease in preload and a reduction in compliance of both ventricles. The observation that CO remained unchanged in the present study may be due to the fact that animals received a continuous intravenous infusion of lactated ringer's solution and were sufficiently hydrated throughout the entire study period.
The changes in MAP, MPAP and LAP occurred immediately after institution of PEEP and did not vanish, most likely due to an increase in intrathoracic pressure 29, 30 . PEEP typically increases both central venous pressure (CVP) and intrathoracic pressure. This, in turn, may compromise lymph vessels, returning lymph from the periphery. subsequently, lymph may accumulate in the extra-thoracic interstitium and result in extravascular water retention.
Previous studies investigating the effect of PEEP on EVLW in animal models with pulmonary oedema induced by oleic acid 31 illustrated that PEEP decreases the amount of EVLW, or at least retards its accumulation in oedematous lungs in a timedependent manner 32 . Although there are conflicting findings on the effects of PEEP on EVLW in injured lungs, it is commonly accepted that PEEP improves oxygenation mainly by increasing functional residual capacity by recruiting air spaces, decreasing pulmonary shunt and redistributing alveolar fluid to extra-alveolar spaces. Van der Zee 33 and colleagues, however, noted no change in normal lungs, but a decrease in pulmonary Q L with PEEP in animals with alloxan-induced vascular injury. notably, the authors of the latter study defined 3 cm h 2 O PEEP as ZEEP (zero end expiratory pressure). This divergence may help to explain why their results differed from ours.
It is a limitation of our study that we did not measure alveolar pressure and plateau pressure. In addition, we cannot guarantee that the effects of PEEP on EVLW and Q L in sheep are identical with those observed in humans, since the lung compliance is different and sheep require higher tidal volumes. since we did only perform measurements with a PEEP of 10 cm h 2 O, future studies are needed to determine the impact of a stepwise increase in PEEP ventilation on Q L and EVLW under physiologic and pathologic conditions. Taken together, this study provides evidence that PEEP decreases pulmonary Q L in healthy sheep by increasing the intrathoracic pressure, thereby causing fluid accumulation in the interstitial spaces. There are conflicting findings on the effects of PEEP on EVLW in injured lungs, however if these findings are applicable in humans with relatively normal lungs, then respiratory therapy with PEEP may increase EVLW and it might be advantageous to use it intermittently to allow better pulmonary lymphatic drainage. rEFErEnCEs
